Abstract: Exposure to uranium can damage kidneys,
Introduction
Uranium contamination of groundwater is being increasingly recognized as a health threat to rural residents relying on home wells for their drinking water, not only in communities with a legacy of mining [1] , but also where naturally occurring uranium is the source of contamination [2] [3] [4] [5] . However, most of the key studies of health effects from drinking uranium contaminated water have been conducted in other countries [4, [6] [7] [8] . In the United States, naturally occurring elevated uranium in groundwater has been identified as a widespread issue in Western states, as well as in scattered locations in Eastern states [2, 9] . Native Americans in the Colorado Plateau area have been particularly impacted [10] . A recent comprehensive survey of well water contaminants conducted by the U.S. Geological Survey found that 1.7% of home wells tested nationwide exceeded the Environmental Protection Agency (EPA) Maximum Contaminant Level (MCL) for uranium contamination [11] and highlighted the need for data on well water consumption by rural residents. In this study, the Crow Tribal community in Montana recognized the potential for uranium contamination of their home wells, tested wells for inorganic and microbial contamination, simultaneously conducted surveys of well water use and treatment, assessed the risk of exposure to waterborne contaminants and conducted outreach to educate rural residents of the health risks of consuming contaminated well water.
The Crow Reservation
The Crow Reservation in south-central Montana is home to the Apsaálooke (Crow) people, and encompasses 2.3 million acres in the center of the Tribe's original homelands. Of the Tribe's approximate enrollment of 11,000 people, 7900 live on the Reservation [12] . The Reservation is rich in water resources, including the Little Bighorn River, Bighorn River, Pryor Creek and their tributaries, fed by the Wolf, Big Horn and Pryor Mountain ranges. The Apsaálooke people still maintain their language, ceremonial practices, and relationships to the rivers, springs and other natural resources. Water as a "giver of life," an "essence of life," has always been held in high respect by the Apsaálooke people and considered a source for health; water continues to be a sacred resource essential to many prayers, ceremonies and other traditional practices [13] [14] [15] . Water contamination-even well water contamination-has additional, unique impacts in Native American communities due to traditional values and practices [15] . Therefore, this project is a relevant case study for understanding health risks from water contamination in rural Native American communities.
Like many other tribes and minority communities, the Apsaálooke people also face health disparities and economic hardships which increase vulnerability to environmental contamination. Statistics for Big Horn County give some idea of the health status of the Reservation, as 64% of the county's land base is within the Reservation's boundaries and 66% of the county's population is Native American [16] . In a comprehensive and thoroughly cited analysis of county health and socioeconomic status, the local Community Health Center describes the confluence of: (1) disparities in physical health; (2) disparities in mental health; (3) an ongoing cycle of poverty [17] ; and (4) inadequate health care, as combining to contribute to health disparities [18] . These include an elevated infant mortality rate [19] cited in [18] , a much higher age-adjusted death rate ( [20, 21] , cited in [18] ), and a twenty year lower life expectancy for Native Americans compared to Caucasian residents of the county [19] cited in [18] .
One health statistic relevant to uranium contamination of well water is the high diabetes prevalence rate of 12.1% in Big Horn County, compared to 6.2% statewide. In a survey of 400 Crow Tribal members, diabetes was named as top local health disparity [22] . The impacts of this chronic disease on health are also elevated: the hospitalization rate for diabetes is 246.3 per 100,000, compared to 115.4 per 100,000 in Montana and 180.2 per 100,000 nationwide [23] cited in [18] . The death rate from diabetes is nearly twice the statewide rate (50.1 per 100,000 compared to 27.1 per 100,000 in Montana) and 143% of the national rate [24] cited in [18] .
For rural Reservation residents, the challenge of obtaining safe, palatable drinking water is relatively new. Traditionally, people lived near rivers and springs, used this water for domestic purposes, knew they needed water to survive and kept these sources clean. Crow Elders reflect that there used to be a level of trust that the rivers and springs were clean. Until the 1960s, many families on the Crow Reservation hauled river water for home use, a practice most of the Tribal co-authors remember from their childhoods. At that time, agriculture was expanding and river water quality visibly deteriorating; wells and indoor plumbing finally became available and rural families switched to piped home well water. In many parts of the Reservation, this was a hardship, not a blessing: the groundwater tapped for home wells was high in total dissolved solids, including so much sulfate, iron and manganese that it was undrinkable [25] . Widespread high alkalinity and excessive hardness resulted in scaling that ruined pipes and hot water heaters. There was no community education on how to protect one's well water or maintain and repair wells, plumbing and septic systems.
Today, about half of all local families rely on home well water [11] . In many parts of the Reservation, well water quality is poor, but is still used for drinking and/or cooking. Community members, increasingly concerned about potential health effects from their poor quality drinking water, partnered with Little Big Horn College and Montana State University Bozeman to tackle both well and river water contamination issues. Forming the Crow Environmental Health Steering Committee (CEHSC) in 2006, the partners initiated the Crow Water Quality Project and have been working together ever since to improve the health of Crow community members by assessing, communicating and mitigating the risks from local waterborne contaminants [13] . The CEHSC and their academic partners secured funding to assess waterborne contaminants through a free "full domestic analysis" of home well water to local residents who volunteered to participate. On learning from co-author geologist Moore-Nall that the United States Geological Survey (USGS) National Uranium Resource Evaluation (NURE) database showed 34 out of 189 wells tested had uranium concentrations exceeding the EPA MCL [26] , and knowing about the old uranium mines in the Pryor and Bighorn Mountains adjacent to the reservation, the CEHSC added uranium to its home well water testing parameters.
Study Area

Physiography and Geology
The Crow Indian Reservation (Figure 1 ) lies within the unglaciated portion of the Missouri Plateau, a subdivision of the Great Plains physiographic province [27] . The Missouri Plateau on the Crow Reservation is described as a mature landscape consisting of flat to rolling plains dissected by rivers with scattered isolated mountains [28] . Hydrologic basins (HB) for the major drainages, mountain ranges and the location of the two abandoned uranium mining districts southwest of the reservation are shown. The Bighorn/Yellowstone County line is delineated in yellow.
Drainages
Three rivers create two major valleys and the natural divisions between the three mountainous areas of the reservation. On the northwest side of the reservation Pryor Creek is the main drainage which flows northwest through the Pryor mountains and then changes and flows to the northeast. The Bighorn River flows northeast from the southwestern edge of the reservation and defines the boundary between Carbon and Bighorn counties. The Little Bighorn River flows north across the reservation joining the Bighorn River at Hardin. All three drainages are tributary to the Yellowstone River [30] . The Tullock Creek drainage flows north joining the Bighorn. Drainage from the western half of the coal producing area on the reservation (Wolf/Rosebud mountainous area) flows into the Little Bighorn River. Drainage from the northeastern portion of the area is collected by the Rosebud Creek drainage system and flows east into the Tongue River [31] . The alluvial low lands located along the Bighorn River and Little Bighorn River are where uranium was found to exceed EPA's MCL in some tested home wells.
Mountain Ranges
The mountain ranges on the Crow Reservation include the Bighorn and the Pryor Mountains which are an outlying portion of the Rocky Mountains, to the southwest, and the Wolf/Rosebud Mountains on the east. The northern end of the Bighorn range extends from north-central Wyoming into the southwestern corner of the reservation. The Dryhead-Garvin Basin, a flat floored syncline separates the northern Bighorn Mountains and the east side of the Pryors [32] . The northern portion of the Bighorn range ends in the canyon of the Bighorn River ( Figure 2 ) just southeast of the Pryor Range. These ranges host two abandoned uranium mining districts [33] [34] [35] [36] which border the reservation. These mining districts operated from about 1956 to the early 1980's [34] . The east side of the reservation is flanked by the Wolf and Rosebud Mountains. A narrow divide that separates the Davis Creek and Rosebud Creek drainages, separates the Wolf Mountains from the Rosebud Mountains to the north. These mountains are highly dissected with numerous outcroppings of Eocene Wasatch Formation and Paleocene Fort Union Formation coal deposits [27] . 
Geologic Setting
The geologic setting of the Crow Reservation includes the west flank of the Powder River basin, a northwest-trending synclinal feature at least 400 km long and as much as 160 km wide in eastern Wyoming and southeastern Montana; the south flank of the Bull Creek syncline, a large east-trending fold in central Montana; and the northern parts of the Bighorn and Pryor uplifts [37] . These features, and many subsidiary folds and faults associated with them, were formed in early Tertiary time [38] and account for the distribution of rock units in the reservation.
The geologic formations exposed at the surface on the Crow Reservation range from Cambrian units in the Big Horn Canyon to the younger Tertiary units on the eastern flank of the reservation [38] (Figure 3) . With the exception of small structural fluctuations, the beds gently dip easterly. In general, erosion has exposed each geologic formation at or near the surface in a series of stacked inclined formations progressing from older beds on the west to younger beds on east side of the reservation [27] . The youngest exposed rocks, exclusive of surficial stream terrace deposits and alluvium, are the Tertiary Wasatch and Fort Union Formations which lie east of the Little Bighorn River on the flank of the Powder River basin in the Wolf Mountains [31] . [34] . Uranium and vanadium minerals are also concentrated in the solution cavities and at the Madison-Amsden contact.
In addition to being stratigraphically localized, the uranium deposits in the area of Red Pryor Mountain show a structural relationship to a zone of fractures that trend N 65° W, on a trend that includes the East Pryor and Little Mountain group of mines [34] (p. 12); mineralization appears to be enhanced where northwest-striking fractures intersect the crest of a large south-plunging anticline [34] . Furthermore, the alignment of mines (Old Glory, Sandra, Lisbon, Dandy, and Swamp Frog) on the Red Pryor quadrangle is spatially coincident with a reverse fault in the basement that subtends the south-plunging anticline [36] . Deposits in the Little Mountain Mining district of Wyoming occur in the same stratigraphic units, within collapse breccia features and with the same ore minerals. Principal ore minerals are the calcium uranyl vanadates tyuyamunite and metatyuyamunite [34, 35, 38 ].
Uranium
Uranium is a very dense, radioactive metal. Of its three naturally occurring isotopes, U-238 is the most common, constituting more than 99% of natural uranium by mass. U 4+ in uraninite and other minerals undergoes oxidative weathering, forming highly soluble U
6+
. In this oxidized form, it is easily transported in groundwater and is found in rivers and lakes [40] . As a radioactive element, U-238 has a decay chain which includes radium-226, the gas radon-222, polonium-210 and finally, the stable nuclide lead-206 ( Figure 4 ). Uranium, a radionuclide which emits primarily alpha particles, has a variety of associated health risks. Although most of the uranium and daughter products consumed in drinking and cooking water are eliminated by the body, small amounts are absorbed from the digestive tract and enter the bloodstream. Uranium in the bloodstream is filtered by and deposited in the kidneys, where it targets the proximal tubules [42] . Uranium exposure has been found to be positively associated with cytotoxicity biomarkers: increases in urinary albumin [8] , glucose and calcium [2] , β2-microglobulin and alkaline phosphatase [6] . Absorbed uranium not excreted via urine, accumulates primarily in the skeleton and kidney [4, 43] . Exposure can increase cancer risk and lead to liver damage [44] . Additional documented health outcomes of concern include effects on the brain, diminished bone growth, DNA damage and developmental and reproductive effects [45, 46] . The health risks from uranium in drinking water are greatest for infants and young children, who can suffer lasting damage from exposure at critical times in their growth [47] . Drinking and cooking with uranium contaminated water is the primary route of exposure to uranium in well water, as absorption through skin is minimal [48] .
Uranium in Well Water
Historically, home well water in Montana has not been tested for uranium [48] . By 2009, more than 600 wells had been drilled by the Indian Health Service for Crow Tribal members on the Reservation, but uranium was almost never included in the analysis. When the Crow Water Quality Project began home well water testing, and even now, a "full domestic analysis" of home well water through Montana's Well Educated Program at the nearest EPA certified laboratory does not include testing for uranium or any other radionuclide [49] .
In 2009, the National Water Quality Assessment Program of the U.S. Geological Survey published the groundbreaking "Quality of Water from Domestic Wells in Principal Aquifers of the United States, 1991-2004". Sampling of domestic wells in 30 of the 60 principal aquifers found that 1.7% of wells exceeded the Environmental Protection Agency's Maximum Contaminant Limit (MCL) of 30 µg/L for uranium [11] .
USGS National Uranium Resource Evaluation (NURE) collected well water data in 1976-1979 on the Crow Reservation. Almost all the samples were filtered, acidified then analyzed for uranium at the Department of Energy's Los Alamos Scientific Laboratory in New Mexico, using fluorescence spectroscopy, methods LA6-FL, OR9-FL, with a detection limit of 0.5 µg/L. Well use was not recorded, except for six records which mention "livestock well." Nearly all the samples list "agriculture" or "none" as potential contaminant sources. 34 of 189 of these tested wells, or 18%, had uranium over the EPA regulated limit of 30 μg/L for drinking water. Eighteen of these 34 wells were in the lower Bighorn hydrological basin (HB), 14 were in the Little Bighorn HB, and only one was in the Pryor HB [26] .
More recently, testing by the USGS in southwestern Montana found that 14.1% of 128 wells exceeded the MCL for uranium, while 29% exceeded the drinking water standard for uranium, radon, radium 226, radium 228 and/or alpha or beta particles [50] . Although this sampling was done in counties some 240 km (150 mi) west of the Reservation, these data illustrate that sampling for uranium alone could substantially underestimate the health risks from radionuclides in well water as decay products of uranium can also be present.
The presence of uranium and/or other radionuclides in well water alone is not sufficient to determine whether health risks exist. As the USGS noted, "Improved information is needed on the number of people consuming water from domestic wells in specific regions and aquifers… Such information is essential for evaluating the potential human health implications and possible mitigation approaches." [11] .
Methods
This research addresses the limitations of previous well water quality studies by combining well water testing for uranium and other analytes, with homeowner surveys and secondary health and economic data. These methods have provided data on well water consumption, well and septic system maintenance practices and economic factors limiting well water treatment, which in conjunction with well water quality data, enable better assessment of health risks from well water contamination.
Community-Based Participatory Research
The collaboration follows the principles of community-based participatory research (CBPR), which has been defined as, "a partnership approach to research that equitably involves, for example, community members, organizational representatives, and researchers in all aspects of the research process and in which all partners contribute expertise and share decision making and ownership" [51] . The Crow Environmental Health Steering Committee (CEHSC) members, all of whom are Crow Tribal members, meet about ten times a year with academic partners who serve as non-voting Committee members. The CEHSC members guide, actively participate in and contribute vital local environmental, health, social and cultural expertise to the research. The local Project Coordinator, with various interning Little Big Horn College science majors and a Montana State University (MSU) graduate student, all Tribal members, conducted nearly all the well water sampling, survey work and follow-up visits with participating families. The data management and statistical analysis were conducted by a non-Tribal academic partner; the geology expertise was provided by a Crow graduate student at MSU, who also took the lead on the geographic information system (GIS) maps (ArcMap™ 10.2.1, ESRI ©, Redlands, CA, USA). CEHSC members and academic partners including Crow graduate students co-presented project results locally, regionally and nationally, and collaborated on this publication. Applying CBPR principles to risk assessment research as well as risk communication and risk mitigation is an effective way to reduce health disparities in Crow Reservation communities. This approach has been found to be effective in other Tribal communities addressing environmental health issues [15] , as well as internationally with communities experiencing environmental health disparities [52] .
Volunteer Recruitment and Participation
Based on USGS, U.S. census and project data, it is estimated that 970 Crow families in Big Horn County use home wells. The northwest corner of the Reservation is in Yellowstone County, constituting about 10% of the Reservation's acreage; approximately 50 Crow families live in this region. Including both Counties, at least 1020 Crow families living on the Reservation rely on home wells for their domestic water supply.
In 2008 an Institutional Review Board approved a survey that covered treatment and uses of home well water; well water taste, color and odor; other sources of water for domestic, traditional and recreational uses; well and septic system knowledge and maintenance practices; potential sources of well water contamination and other factors. The survey drew from comprehensive environmental health surveys used in other studies [53, 54] as well as on co-authors' knowledge of local conditions and practices, and was edited by two Crow CEHSC members with graduate degrees in social science disciplines and lifetime knowledge of Crow Reservation communities.
Beginning in 2009, participants were recruited from throughout the Reservation. Random sampling was ruled out from the very beginning by the CEHSC as culturally inappropriate and hence ineffective. Flyers were posted in public locations, ads were placed in the local papers, staff set up tables at community health fairs and other events, and all involved recruited through word of mouth. Personal recruiting through friends, family and social networks proved to be by far the most effective strategy. The local project coordinator, a Tribal member, met each volunteer at their home, explained the project, answered questions and collected the water samples for microbial and chemical analyses. Participants chose either to complete the survey on their own, or completed it with the project coordinator. Each received a free comprehensive domestic analysis of their well water, a stipend and a follow up explanation of their well test results and treatment options. Recruitment was capped at 150 participants due to budget and time limitations and as this was a sufficient sample for analysis.
Sample Collection and Analysis
Water samples were collected from the home's kitchen tap. In the rare cases where the homeowner had installed a water treatment device, untreated water was collected from another point in the plumbing system or not included in the analysis. Water temperature, conductivity and pH were measured on site. Samples were placed on ice and delivered in less than 24 hours (usually within the same day) to Energy Laboratories, an EPA certified lab in Billings, Montana for a full domestic analysis on each water sample that included physical properties (total dissolved solids (TDS), conductivity, corrosivity and pH); inorganics (alkalinity, bicarbonate, carbonate, chloride, sulfate, fluoride, nitrate + nitrite as N, hardness as CaCO3 and sodium absorption ratio (SAR)); and metals (aluminum, arsenic, cadmium, calcium, chromium, iron, lead, magnesium, manganese, potassium, sodium and zinc). Corrosivity, hardness and SAR were calculated, all other analyte values including TDS were measured.
After about 50 wells had been tested, geologist and Crow Tribal member Anita Moore-Nall suggested adding testing for total uranium, an element not part of the Montana Well Educated Program's "full domestic analysis" [49] . Total dissolved uranium was included as an analyte in all subsequent wells tested, 97 in total, utilizing EPA Method E200.8 [55] per the recommendation of Energy Laboratories. The reporting limit for uranium with this method was 1 μg/L. (Energy Laboratories has been accredited by the National Environmental Laboratory Accreditation Program since 2001. Their quality assurance (QA) procedures, including how the Lab estimates method accuracy, are provided in their QA manual [56] .
The decision was made not to return to homes previously sampled just to test for uranium, for several reasons. Most participants worked away from home during normal business hours, making sampling difficult; homes were as far as 120 km (75 mi) from our base of operation at Little Big Horn College, so each home visit was expensive. Given limited budget and staff time, the decision was made to limit uranium sampling to new participants, to maximize the number of families the project could serve.
Data Entry and Analysis
Mapping the spatial distribution of well water contaminants is vital for risk assessment, communication and mitigation. A GIS map was prepared to show both spatial patterns and the considerable variability in uranium contaminant levels even among neighboring wells. In the GIS a point and polygon overlay was used to look at well data and elements present in the wells and surface water samples and stream sediment samples from the National Uranium Resource Evaluation (NURE) Hydrogeochemical and Stream Sediment Reconnaissance (HSSR) Program's data base for Montana and Wyoming [26] . Additional water quality data was obtained and added to the GIS from the Montana Bureau of Mines and Geology's Ground Water Information Center (GWIC) [57] , the Montana Natural Resources Information System [58] , Natural Resource Conservation Service's Data Gateway [59] , the University of Wyoming's Water Resources Data System [60] , the Wyoming Geographic Information Center [61] , USGS Water Quality Data for Wyoming [62] and the USGS National Geochemical Database Reformatted Data for Montana and Wyoming [63] . Data from all 97 wells tested for uranium by the Crow Water Quality Project was then entered into MS Excel™ and added to the GIS.
Well water contamination was also examined spatially using watershed boundaries, as each watershed has distinctive water contamination issues. The Reservation's three main river valleys, from west to east, are Pryor Creek, the Bighorn River and the Little Bighorn River, all of which flow south to north, separated by mountain ranges (Figure 1 ). Crow settlements have traditionally been along the rivers and creeks, and that pattern continues today. Histograms of uranium concentrations in well water were plotted for each watershed, and the respective means and standard deviations were calculated, using Excel 2013.
As shown in Figure 5 (below), the traditional "Districts" of the Reservation correspond to watersheds, with the exception that the "Black Lodge District" encompasses portions of both the Bighorn and Little Bighorn River watersheds. Districts are well understood geographic, social and political regions of the Reservation, hence their utility for communicating risk. Contaminant concentrations were log transformed to improve normality. Correlations between or among contaminants (e.g., uranium concentration and TDS) were analyzed using regression (for two contaminants) or multiple regression (for three or more contaminants), utilizing IBM SPSS™ Statistics 22 (IBM, Armonk, NY, USA). Surveys were completed by one hundred ninety-seven participants from 165 households. These data were entered into MS Access™ and subsequently analyzed using IBM SPSS™ Statistics 22. Comparisons of categorical variables were made using chi square ("cross-tabs" in SPSS). Comparisons of contaminant concentrations across categorical variables-such as uranium vs. water use group-were conducted with analysis of variance (ANOVA). When SPSS calculated that there was significantly unequal variance between contaminant concentration distributions, a non-parametric test (Dunnett T3) was used.
Risk Communication
Ongoing project results, including the GIS maps of uranium and other well water contaminants, were discussed regularly at meetings of the CEHSC, and were presented to the Crow Tribe's Water Resources staff, the Pryor 107 Elders Committee, Messengers for Health and to the community at large through at least one open house a year. Copies of GIS maps showing the spatial distribution of each contaminant were also provided to the Environmental Health Department of the local Indian Health Service Hospital, which contracts to drill wells for well owners. A poster displaying these maps and explaining the health risks was prepared and is being displayed at local health fairs and in the project office in Crow Agency.
Project data were provided to the Crow Tribe at the request of the Tribal Chairman, to the Crow Tribal Environmental Protection Department and to the Apsaalooke [Crow] Water and Wastewater Authority (AWWA). The AWWA subsequently was able to raise funds for and install a "water salesman," an automated dispensing system in the main Reservation town of Crow Agency, which allows rural residents to purchase municipal water at a very low cost. Other mitigation options for well owners with unpalatable or unsafe well water have been and are being explored. An article summarizing final water quality test results by watershed, with specific recommendations for well water testing for those contaminants of most concern, was submitted to the Tribal newspaper.
Several two day professional development workshops on local water quality were held for local K-12 teachers in conjunction with Montana State University or Little Big Horn College educators. Presentations have also been given in school classrooms and at several local health fairs.
Results
Uranium was detected in 68% of the 97 wells tested by the Crow Water Quality Project, with concentration of at least 1 μg/L of uranium (the reporting limit), exceeding EPA's Maximum Contaminant Level Goal (MCLG) for uranium of 0 μg/L [64] (Figure 6 ). The EPA sets the MCLG after reviewing studies of health effects, and describes the MCLG as "the maximum level of a contaminant in drinking water at which no known or anticipated adverse effect on the health of persons would occur, and which allows an adequate margin of safety. MCLGs are non-enforceable public health goals". [64] Low levels of uranium in water sources are common, so the public health goal of 0 μg/L is not only non-enforceable but practically speaking, also non-attainable. However, it is important to note that there are known adverse health effects at uranium concentrations lower than the MCL, the municipal drinking water standard, which considers economics as well as health.
EPA's MCL of 30 μg/L (ppb) was exceeded in 6.3% of wells. Other national and international standards for uranium in drinking water are stricter. In Canada, the "maximum acceptable concentration" is 20 μg/L [65] , which was the standard initially proposed for the U.S. EPA, but rejected based on a cost-benefit analysis [45] . Some states, such as Vermont, have also opted for the more conservative standard of 20 μg/L [5]. 10.3% of wells tested on the Reservation by this Project exceeded this stricter standard. Averaging well water uranium concentrations by river valley shows that residents in the Bighorn River Valley (n = 12) are most at risk for contaminated wells, with an average uranium concentration of 25 ± 29 μg/L (Figure 7 ). Uranium concentrations in Little Big Horn River valley home wells (n = 75) averaged 6 ± 9 μg/L; Pryor Creek home wells (n = 10) had the lowest uranium concentrations, averaging 3 ± 3 μg/L (Figure 7 ).
Given the considerable variability in uranium concentrations, how would a homeowner decide whether well water testing is worth the cost? Uranium in water is colorless, tasteless and odorless [66] , so there are no sensory clues. High TDS, which imparts a taste that families can recognize, was found to be a potential indicator for the occurrence of uranium. pH, easily measured by Project staff, was also investigated as a potential indicator. Regression analysis found that TDS was significantly associated with uranium in the Bighorn River Valley (R 2 = 0.828) and in Pryor (R 2 = 0.719). In the Little Bighorn River valley, multiple regression analysis found that both TDS (p < 0.001) and pH (p < 0.001) were predictive of uranium (R 2 = 0.446) [67] . These results agree with an analysis of nationwide data, which found a correlation between uranium and oxic waters with a pH in the range of 6.5 to 8.5 as well as high carbonate levels. In these conditions, high uranium also corresponded with high TDS levels [68] . These correlations can be explained: in oxic conditions in shallow groundwater and surface water, uranium most commonly exists as U(VI) in the uranyl ion (UO2 2+ ); this ion typically complexes with the ligand carbonate (or phosphate), which greatly increases the solubility of uranium in water [69] .
Similar pH, carbonate and TDS conditions were all found in the home wells tested on the Crow Reservation: (1) wells with elevated uranium were all in the pH range of 7.0 to 8.0, (2) bicarbonate levels were high in all three river valleys, ranging from a mean of 350 mg/L in Pryor to a mean of 495 mg/L in the Little Bighorn River Valley, and (3) high TDS was significantly correlated with high uranium concentrations in all three river valleys. Redox conditions are unknown, as neither oxidation reduction potential nor well depth was measured. However, most homeowners reported that their wells are in relatively shallow groundwater, due to the cost of drilling deeper wells; shallower groundwater is more likely to be oxic.
As the USGS acknowledged in its nationwide study, both well water quality data and well water consumption data are needed to assess the health risks from groundwater contamination [11] . Survey results (Table 1 ) document that 20% of well owners neither drink nor cook with their well water (Group I), 20% only consume their well water through cooking (Group II) and 60% of well owners both drink and cook with their well water (Group III). All well owners who participated in this study use their well water for bathing, washing dishes and cleaning their house, regardless of the water quality.
Families who drink and cook with their well water (Group III) have an average TDS level of 959 mg/L in their water-almost double the EPA's secondary standard of 500 mg/L. Although their well water is thus on average considered "objectionable" for consumption [49] , they have significantly better well water quality, based on TDS, than families who consume well water only through cooking (Group II, mean TDS 1970 mg/L, standard deviation (SD) of 1466 mg/L) (p = 0.002) or don't consume it at all (Group I, mean TDS 2262 mg/L) (p = 0.001) ( Table 1) . Note: * For families whose wells were tested for uranium: Group I, n = 21; Group 2, n = 21; Group 3, n = 52. Water use data lacking for three participating households.
This analysis shows that families whose well water is good enough to drink untreated (Group III) have significantly lower concentrations of total dissolved solids in their water, including generally low levels of uranium. Families who neither drink nor cook with their water (Group I) are not at risk of exposure to uranium, as absorption through skin is minimal [46] . Families who still cook with their well water, despite its unpleasant taste (Group II), are most at risk of consuming water with unsafe uranium concentrations. Families in both Groups II and III should also consider testing their home air for radon [70] .
Despite the widespread poor quality of well water, very few families have home water treatment systems. Although 77% of all wells tested have unacceptably hard water (in excess of the EPA secondary standard), only 3.3% of families had installed a water softener. While 85% of all wells tested exceed the EPA secondary standard for TDS, only 4% of families had a reverse osmosis system. Despite the generally high levels of iron and of manganese, no participating family had an iron/manganese removal unit [67] . The hard water requires softening before treating it by reverse osmosis, and water softeners require purchasing treatment chemicals regularly. While the U.S. and the Montana per capita incomes for 2010 were $27,334 and $23,836 respectively, the per capita income for the four largest Crow Reservation communities a third or less of this, ranging from only $7,354 to $8,130 [17] . Crow Environmental Health Steering Committee (CEHSC) members explain that the cost of installing and maintaining treatment technology, including the monthly cost of chemicals, is simply prohibitive for most families. Most families with unpalatable well water cope by purchasing and hauling bottled water and/or filling gallon jugs at homes of friends and relatives. A few collect and use spring or river water.
As the two most populated local communities-Hardin and Crow Agency-use the Bighorn and Little Bighorn Rivers respectively for their municipal water supplies, water samples were collected monthly from both rivers over an eight month period, delivered to the EPA-certified lab in Billings and tested for the same parameters as well water, including uranium. The Big Horn River at Hardin averaged about 4 μg/L uranium, and the Little Big Horn River even less.
Discussion and Conclusions
Potential Sources of Uranium in Local Groundwater
Both project data and the NURE data indicate that uranium contamination of wells is most serious in the Bighorn River valley and also of concern in the Little Bighorn River valley, while only one well tested in the Pryor Creek valley (by NURE) exceeded 30 μg/L.
Mapping the uranium concentration in well water in relation to the geology of the Crow Reservation shows that the highest uranium values appear to be associated with Quaternary Terrace deposits in the lower Bighorn River Valley ( Figure 6 ) [71] . These valley fill sediments could have eroded from the uranium bearing upland bedrock, as is the case elsewhere in Montana [46] . Other possible uranium sources may be from the Jurassic Morrison Formation or the Fort Union Formation. In 1952, the Atomic Energy Commission made an airborne radiometric survey over portions on the east flank of the Bighorn Mountains covering about 647 km 2 (250 mi 2 ), including part of the Crow Reservation [29] . The only anomaly found on the Crow Reservation by the aerial survey was in the Morrison Formation in Section 34, Township 4 South, Range 29 East, and Section 3, Township 5 South, Range 29 East [29] . Investigation on the ground revealed a very weak radioactive zone within the shales of the Morrison Formation. Radioactivity was also noted in dinosaur bone fragments embedded in a sandstone facies of the Morrison Formation; results from chemical assays on samples of bones showed the highest radioactivity indicated was 0.23 percent triuranium octoxide (U3O8, a form of yellowcake) [29] . Later a NURE investigation of the Billings Quadrangle was conducted from 1978-1981 [33] . Geologic units were investigated for favorable uranium deposits that could contain at least 100 tons of U3O8 in rocks with an average grade of not less than 100 parts per million (ppm) U3O8. A thin, radioactive, carbonaceous claystone bed from an outcrop of Fort Union was sampled and found to contain 50 ppm U3O8, and this was considered unfavorable for uraniferous lignite-type deposits [33] . These formations may be a source of naturally occurring uranium on the Crow Reservation. Historic uranium and vanadium mining directly to the southwest of the Reservation, just outside of the Reservation boundary, might also be contributing to well water contamination down gradient in the Bighorn River Valley. The two abandoned mining districts in the Mississippian-aged Mission Canyon formation which hosts the mineralized uranium/vanadium deposits are represented as mining symbols in the southwest corner of the map (Figure 6 ).
Agricultural fertilizer is a third potential source of uranium in groundwater, as the radionuclide occurs in phosphate mined for fertilizer production [72] . Research in Germany has found that the uranium concentrations in groundwater below agricultural land are three to 17 times higher than under forested land [73] cited in [72] . Hence, extensive irrigated and dry land farming on the Reservation, particularly in the Bighorn River valley [74] , could be contributing uranium from fertilizer to the groundwater.
In short, uranium contamination of home well water is likely to be coming from natural sources, and might be exacerbated by mining in the upper Bighorn River watershed and/or fertilization of agricultural lands in the Bighorn and Little Bighorn River valleys. Future research employing isotopic analysis of uranium in well water could help elucidate contamination source(s).
Sources of Uncertainty
The "snowball" sampling strategy for participation in this study-based on volunteers-could have biased results, as one might suspect that families with poor quality well water would have been more likely to volunteer to participate. However, comparing project data with the non-georeferenced Indian Health Service well water database showed that families with poor quality well water were underrepresented [67] . Perhaps families who neither drank nor cooked with their water had less reason to take the time to participate?
One might ask whether the subset of 97 families whose wells were tested from uranium differed from the overall sample of 151 families. There is no evidence to suggest a difference: the sampling strategy did not change after the project added uranium as an analyte, nor did the proportion of families in the three water use Groups (no consumption, cooking only, cooking and drinking) change at this point in the study (Table 1) . Both the overall sample of 151 families and the subset of 97 families whose wells were tested for uranium are drawn primarily from the Little Big Horn River Valley, with lesser representation of the Bighorn River and Pryor Creek valleys; this accurately reflects the distribution of the Tribal population on the Reservation.
Well water was tested only for total dissolved uranium. It is possible that particle-bound uranium is also present in well water. If this is the case, a higher percentage of home wells might exceed the MCL, presenting a health risk to families consuming the water.
In the Little Big Horn River Valley, the presence of two aquifers-a shallower one with poor water quality and a deeper one with better water [75] -probably contributes to the variability in well water uranium concentrations. Many families participating in this study were unsure of the exact depth of their well, hence it was not possible to correlate uranium with well depth. Measuring well depth would improve the ability to predict uranium concentrations based on aquifer as well as to assess the impacts of land use practices on contamination of shallow groundwater.
Simply measuring uranium concentrations in home well water might underestimate the risks from exposure to radionuclides, as the USGS found in western Montana [50] . Elevated levels of uranium progeny such as radium and radon (along with uranium) have been found to occur in groundwater where there is uranium mineralization [76] . Higher concentrations of radium have been found to be associated with manganese or iron-rich anoxic groundwater [68] . Wells in both the Bighorn and Little Bighorn River valleys are relatively high in manganese, with average concentrations well exceeding EPA's secondary standard of 0.05 mg/L [67] . Additionally, average iron concentrations in well water substantially exceeded the EPA secondary standard of 0.30 mg/L in every zip code in the Big Horn and Little Big Horn River valleys, with the exception of Fort Smith in the upper Big Horn River watershed. Hence, the conditions may exist for radium to also be found in higher concentrations in home well water.
Nationally, radon is also a relatively common well water contaminant: the USGS found 4.4% of home wells tested in 48 states exceeded the EPA's proposed MCL of 4,000 pCi/L for radon, and 65% exceeded the alternate proposed MCL of 300 pCi/L [9] . Bighorn County is classified as "Zone 1" for the highest risk of radon in homes [77] . While testing well water for radon contamination might be advisable, it is expensive and radon released from soil into home air and inhaled is a more significant health risk (lung cancer) [78] . The limited radon data for Bighorn County shows that of homes tested, 34% had radon levels at or above 4 pCi/L, requiring mitigation [79] . Testing home air for radon is needed, but was deemed beyond the scope of this risk assessment.
In sum, although there are numerous sources of uncertainty, particularly with regards to whether other potential (radionuclides and pesticides) and known (inorganic and microbial [80, 81] ) contaminants are contributing to the health risks, the potential for error in this study is primarily in having underrepresented the health risks to families using wells.
Uranium Contamination of Home Well Water is a Priority Public Health Issue
Based on the following recognized criteria for prioritizing and addressing exposures to environmental chemical mixtures [82] , contamination of home well water on the Crow Reservation should be addressed as a high priority public health issue:
(1) Breadth of exposure. Roughly 50% of Crow families rely on home wells for their domestic water supply [11] ; 80% of these families drink and/or cook with their well water. Uranium and possibly other radionuclides in well water are widespread in the Bighorn and Little Bighorn River valleys on the Reservation. (2) Nature of exposure. People consume well water daily for many years. Survey data document that people who drink their well water consume about eight cups per day [67] . Half of families whose well water is so high in TDS that it is unfit for drinking, nevertheless still use it for cooking. (3) Severity of effects. The nephrotoxic effects of uranium [83] are a particular concern given the high diabetes prevalence rate of 12.1% in Big Horn County, compared to 6.2% statewide, as well as the downstream effects of seriously elevated rates of hospitalization and death from diabetes [18] . While many factors, including physical activity level, diet, obesity, metabolic factors and possibly genetics increase risk of diabetes [84, 85] , exposure to the nephrotoxin lead is another known factor [84] . Decline in kidney function associated with blood lead and tibia lead levels is significantly more rapid in middle aged and older men with diabetes than in men without this disease [86] . Uranium, like lead, is nephrotoxic [83, 87] . While the effects of uranium exposure on diabetic kidney disease incidence and progression is unknown, this possibility is of concern to the project team. (4) Interactions. Interactions as understood in an ecological framework include natural, built and sociopolitical factors [88] , all of which contribute to local health impacts from water contamination. The interactive direct health effects of uranium with other potentially co-occurring inorganic, organic, radioactive, and/or microbial contaminants in well water are unknown. Community members burdened by existing health conditions are likely to be more vulnerable to the impacts of well water contamination. Any health effects from exposure to contaminated drinking water are likely to both contribute to and be exacerbated by the existing health disparities that underlie the twenty year difference in life expectancy between Native American and non-Native residents of Big Horn County [19] cited in [18] . Lack of environmental health literacy is also viewed by the CEHSC as contributing to health disparities. One Crow Elder compared the arrival of indoor plumbing in the 1960s with the earlier arrival of watermelons: not knowing how to prepare watermelons, people boiled them as they did squash. Indoor plumbing was equally unfamiliar as there was no community education on how to protect one's well water or maintain and repair wells, plumbing and septic systems.
Inequity could arguably be considered a fifth criteria for recognizing an environmental exposure as a priority public health issue. Well owners nationwide lack the regulatory oversight that safeguards public health via enforcement of standards for municipal water quality. Uranium is an especially insidious well water contaminant as it cannot be detected by taste, smell or discoloration. In absence of any governmental regulation of or environmental health community education on well water quality, community members frequently stated, "Oh my well water tastes fine, it doesn't need to be tested". In Bighorn County, residents of the two most populous communities are provided with municipal water from surface water sources with lower average concentrations of uranium, as noted above. Hence local well owners are at higher risk of uranium exposure through their drinking water than residents of towns which use surface water sources for their supply.
Unsafe well water and the limited financial resources of most families also interact to increase exposures to contaminants. As noted above, some families cook with water which tastes so unpleasant they aren't drinking it, as they can neither afford to install and maintain water treatment technology, nor purchase and haul sufficient bottled water for both drinking and cooking [89] .
Future Research, Community Education and Risk Mitigation
The Crow Environmental Health Steering Committee and project staff continue to work on assessment, communication and mitigation of health risks from contaminated well water. A new EPA grant includes limited funding for additional home well water testing-free to community members. The project team has also applied for National Institutes of Health (NIH) funding to be able to offer free health screenings for adults with a history of consuming contaminated well water.
Mitigating contaminated well water is a complex challenge for which the CEHSC is seeking solutions. It will require additional resources to expand the project's free well water testing, as well as increased community awareness of the risks, greater understanding of how to protect and maintain wells, plumbing and septic systems, and more affordable alternatives for homeowners with bad well water. Mitigating home well water with unsafe levels of inorganic contaminants such as uranium is challenging, as nearly all these wells have such hard water that both a water softener and a reverse osmosis unit would be required. Even if a grant for installing all this treatment equipment could be obtained, many families could not afford the monthly costs of chemicals and regular filter replacements.
A new collaboration led by a Crow Tribal member on MSU's faculty, has been funded and is planning an environmental health literacy campaign with fourth graders, focused on surface and groundwater stewardship, and well and septic system care.
The project team is also working to understand how climate change impacts on water resources could affect health risks from waterborne contaminants [90] . Funding is being sought for additional home well water testing, including measurements of well depth, to allow for better spatial analysis of contaminant distributions and relationships to land uses, using a geographic information system (GIS). The CEHSC, including academic partners, continues to explore ways to improve community health by reducing exposures to waterborne contaminants, increasing access to safe drinking water and promoting environmental health literacy.
Conclusions
In conclusion, for families on the Crow Reservation who rely on home wells, exposure to uranium and potentially other waterborne contaminants may both contribute to and be exacerbated by existing health disparities. Limited financial resources restrict families' options for either treating well water or purchasing and hauling sufficient safe water for consumption. Conducting such research and education as a true partnership between community and academic researchers will help to ensure that the science is sound, the community is increasingly empowered to address environmental health disparities, and that the work is effective in reducing health risks. In a state where home well water has not historically been tested for uranium and 88% of counties are at Level 1 risk for radon in homes, many rural and impoverished Montana families may be similarly at risk. Additional risk assessment research, risk communication and risk mitigation measures are warranted to ensure families have access to safe drinking water. Limited or lack of access to safe drinking water for these families likely contributes to existing health disparities and is a priority public health issue. 
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